INTRODUCTION
Isolated complex I deficiency is the most frequently observed mitochondrial respiratory chain disorder, and is associated with a wide range of clinical presentations, including marked and often fatal lactic acidosis, cardiomyopathy, leukoencephalopathy, pure myopathy and hepatopathy with tubulopathy. [1] [2] [3] Complex I deficiency is one of the most common mitochondrial disorders of childhood; onset is usually early and death often occurs within the first year of life. [4] [5] [6] [7] Defining the molecular basis of complex I deficiency is a difficult task, not least because of the dual genetic control governing the correct assembly and function of complex I, but also as the largest complex in the mitochondrial respiratory chain, it is also the most intricate. Complex I is composed of 45 subunits, 8 7 of which are encoded by mitochondrial DNA (mtDNA), and the remaining 38 are nuclear encoded. Moreover, a number of proteins are involved in the correct processing and assembly of complex I, the total number of which as yet remains unknown. 9 To date, pathogenic mutations in structural complex I proteins, leading to complex I deficiency and associated with a disease phenotype, have been identified in 21 nuclear genes: 11 of the 36 autosomal genes encoding complex I subunits (namely NDUFS1, NDUFS2, NDUFS3, NDUFS4, NDUFS6, NDUFS7, NDUFS8, NDUFV1, NDUFV2, NDUFA2 and NDUFA11), 1 of the 2 chromosome X genes encoding complex I subunits (NDUFA1) and 9 autosomal genes encoding proteins involved in complex I assembly, namely NDUFAF1 (CIA30), NDUFAF2 (B17.2L), NDUFAF3, NDUFAF4, C8orf38, C20orf7, NUBPL, FOXRED1 and ACAD9. [10] [11] [12] [13] [14] [15] [16] Mutations in nuclear genes involved in mtDNA maintenance, in particular POLG, which encodes the catalytic subunit of the mitochondrial polymerase g, may also cause isolated complex I deficiency in patients with Alpers' syndrome. 10 Equally, mutations have been identified in all seven of the mtDNA genes encoding subunits of complex I, 17 and also in mtDNA tRNA (mt-tRNA) genes, particularly mitochondrial tRNA Leu(UUR) . 2 The importance of mtDNA mutations as a potential molecular aetiology for complex I deficiency was therefore not in doubt, but thus far their prevalence remained unclear. Indeed, it was previously believed that complex I deficiency due to mtDNA mutations accounted for only 5-10% of paediatric complex I deficiency cases. 18, 19 Recent screening of mitochondrial complex I subunit genes has shown mutations in mtDNA accounting for a much higher number of cases, [20] [21] [22] [23] [24] [25] [26] [27] and therefore, its screening is an essential step in the genetic diagnosis of complex I deficiency. Previous studies assessing the prevalence of nuclear gene mutations in complex Ideficient paediatric cases have found the prevalence of these to also be high. Three studies have reported mutations in nuclear genes encoding subunits, assembly factors or related proteins in 20-25% of children with complex I deficiency. 15, 28, 29 In this study, we report a detailed analysis of a large cohort of 109 patients, representing all patients diagnosed with childhood-onset complex I deficiency at a large national referral centre. We present the identification of the underlying molecular basis of the enzyme defects in a number of these patients, and have used these data to estimate the prevalence of such mutations in these disorders and to present data surveying the overall clinical findings in these patients.
PATIENTS AND METHODS

Patient cohort
The cohort of 109 patients (from 101 families) represents all patients diagnosed in Melbourne between 1992 and 2007, with definite childhood-onset mitochondrial disease and an enzyme diagnosis of complex I deficiency. The Melbourne laboratory is referred almost all children from Australia and New Zealand who are biopsied for investigation of mitochondrial disease. Before biopsy, children had been referred to a geneticist or paediatrician specialising in inborn errors of metabolism. Testing for metabolic or genetic conditions with phenotypes similar to mitochondrial disease would typically have been performed (eg, organic acids, acylcarnitines, chromosome analysis), but the extent of this testing varied. Histological and enzyme histochemical analyses were routinely performed on muscle biopsies, but usually produced normal or equivocal results, as reported previously for patients with complex I deficiency. 2 The criteria used to establish the diagnosis of complex I deficiency were those described by Kirby et al, 2 namely: (1) percentage complex I activity relative to citrate synthase (CS) or complex II was o25% of the control mean in one or more tissues or (2) percentage complex I ratios were 25-40% plus one of (a) similar activity in multiple tissues, cell lines or siblings, (b) supportive histology or electron microscopy (ie, presence of abnormal mitochondria in at least one tissue), and (c) supportive functional tests in fibroblasts, low ratio of ATP synthesis with glutamate and malate (complex I-linked substrate) compared with the rate with succinate and rotenone (complex II-linked substrate) or inability to grow in a galactose/azide medium. Complex I deficiency was considered isolated if other respiratory chain complexes had CS ratios that were not clearly deficient (ie, 425%) and had residual activities at least two-fold higher than complex I. In addition to the enzyme data, to make the diagnosis of complex I deficiency as stringent as possible, all patients required supportive clinical and other evidences to establish a definite diagnosis of a respiratory chain defect to be included in the study. 30 Kaplan-Meier cumulative probability survival analyses (for calculating the proportion of unaffected cases at any time point) were performed using GraphPad Prism, version 4 (GraphPad Software, La Jolla, CA, USA).
Biochemical analyses
Respiratory chain enzymes and CS were measured in tissue homogenates and fibroblasts and Epstein-Barr virus-transformed lymphoblast mitochondrial fractions as described previously. 2, 31 Molecular genetic studies Total DNA was extracted from tissues, cultured cells and blood by standard procedures. Samples were screened for four common mtDNA mutations, namely m.3243A4G causing mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS), m.8344A4G causing myoclonic epilepsy and ragged-red fibres, m.8993T4G and m.8993T4C associated with neurogenic weakness, ataxia and retinitis pigmentosa and maternally inherited Leigh syndrome phenotypes by PCR restriction fragment-length polymorphism (RFLP) analysis, 2 and the entire mitochondrial genome was sequenced as described previously. 32 For some patient cell lines, the presence of a mtDNA mutation was excluded by enzyme analysis of either cybrid fusions 22 or heterokaryons formed by fusing patient cells with r0 cells. 33 Fibroblast cDNAs obtained from patients in 32 of the 101 families were screened for mutations in the NDUFS1, NDUFS2, NDUFS4, NDUFS7, NDUFS8 and NDUFV1 genes by denaturing HPLC, as described elsewhere. 34 Next-generation sequencing was also used to screen patients from 94 families for mutations in 103 genes. These included the 45 subunits, the 15 mt-tRNA genes flanking the complex I subunit genes, known assembly factors and genes that shared an evolutionary relationship with complex I. The approach involved a discovery screen that sequenced PCR-amplified targets in pools of DNA obtained from 20 patients, with each pool analysed in a single lane of an Illumina Genome Analyzer (Illumina, San Diego, CA, USA). Sequence variants were prioritised by bioinformatic analyses and assigned to individual patients by Sequenom genotyping (Sequenom, San Diego, CA, USA), followed by experimental studies to determine pathogenicity. The inclusion of 43 patients with known pathogenic mutations allowed us to determine a detection sensitivity of 78% for causal nuclear DNA variants and 28% for causal mtDNA variants; the latter figure was low because of highly variable amplification of mtDNA from different patients in the whole-genome amplification step before pooling. 15 
RESULTS
mtDNA mutations
A total of 30 patients (from 29 families) were found to harbour a pathogenic mutation in mtDNA (29% of probands), either in MTND subunit genes (21 probands from 22 families) or in MTTL1 or MTTW tRNA genes (8 probands) ( Table 1) . Each of the mtDNA mutations has been reported to be pathogenic in previous studies that provided evidence to support pathogenicity such as sequence conservation, the presence of lower levels of heteroplasmy in healthy maternal relatives and either cybrid analysis or single-fibre PCR used to confirm an association between heteroplasmic mutant load and mitochondrial dysfunction. In all, 15 of the 30 mtDNA patients presented in infancy or early childhood with Leigh syndrome, including a pair of siblings with Leigh disease caused by the m.14459G4A mutation. The next most common group (7 of 29 probands) comprised children presenting typically in teenage years with MELAS. One patient with a known pathogenic MTTW mutation presented and died on the first day of life, whereas two others with MTND3 mutations died in the first months of life with lethal infantile mitochondrial disease (LIMD). Two patients with MTTL1 mutations had a pure mitochondrial myopathy.
Four patients had other mitochondrial encephalomyopathies. The first patient had an m.3242G4A mutation and presented at 2.5 years of age with failure to thrive, hypotonia, ataxia and renal tubular acidosis. The second patient had an m.14487T4C mutation. He presented at 12.5 years of age with deteriorating vision and pale optic discs and subsequently developed migraines, deterioration in school performance, bilateral hearing loss and obsessive compulsive disorder. The other two patients presented at 18 months and 3 years of age, respectively. They had progressive dystonia and dysarthria and were apparently unrelated, but both had the m.10197G4A mutation and were of Tongan ancestry. One had a de novo balanced chromosomal translocation, which we initially believed may contribute to the disease phenotype. However, her symptoms are similar to other reported m.10197G4A patients; 23, 35 hence, it seems likely that her symptoms are mostly or entirely explained by the mtDNA mutation. We described finding the m.10197G4A mutation in this patient previously but misinterpreted it as a benign variant, which appeared to be present in Polynesian controls. 34 The latter finding was erroneous because of an RFLP assay that failed to distinguish this variant from an m.10238T4C polymorphism, which was also cut by the HphI restriction enzyme.
Maternal DNA samples were available for 19 of the 29 probands (Table 1) . Mutant mtDNA was detected in 11 mothers, at mutant loads substantially below that found in their affected child. Eight mothers had no mtDNA mutation detected, which may imply that the mtDNA mutations causing complex I deficiency H Swalwell et al mutations were de novo events but could also be due to loss of the mutation from the tested tissue, which was usually blood. Only 5 of the 29 families with mtDNA disease had a family history that strongly implied maternal inheritance, for example, a maternal aunt, uncle or cousin having symptoms consistent with disease. These 5 families represented 4 of the 8 with MTT (mt-tRNA) gene mutations and only 1 of the 21 with subunit mutations. Nine families had a family history that may have been consistent with or suggestive of mitochondrial disease, for example, maternal relatives with epilepsy, learning difficulties, migraine, diabetes or SIDS. The remaining 15 family histories, representing half of this group, lacked any suspicion of maternal inheritance.
Nuclear gene mutations
Nuclear gene mutations were identified in 28 patients (from 22 families) by sequencing of candidate genes (22% of probands; Table 2 ). Pathogenicity of sequence variants was assessed by approaches including analysis of sequence conservation, use of predictive algorithms such as PolyPhen-2 (http://genetics.bwh.harvard. edu/pph2/), segregation in families and absence in controls plus mtDNA mutations causing complex I deficiency H Swalwell et al protein or RNA studies, as described in individual references listed in Table 2 . Overall, 13 patients (from 11 families) had 2 autosomal recessive mutations in complex I subunit genes. In all, 11 patients from 7 families had 2 autosomal recessive mutations in genes encoding complex I assembly factors. In addition to these obvious complex I candidate genes, four patients classified as having isolated complex I deficiency had mutations in genes involved in the broader aspects of mitochondrial biogenesis. Two probands with Alpers' syndrome and complex I deficiency in the liver had two pathogenic mutations in the POLG gene, encoding the mtDNA g-polymerase. A patient with hepatoencephalopathy and liver and muscle complex I deficiency had a homozygous mutation in the C10orf2 (formerly PEO1) gene, encoding the Twinkle helicase. All three patients with POLG or C10orf2 mutations had hepatic mtDNA depletion. A patient with Barth's syndrome (but lacking cyclic neutropaenia) had a pathogenic mutation in the TAZ gene. 36 A further 17 patients from 16 families were classified as having nuclear gene mutations on the basis of having either (1) no mtDNA mutations identified by sequencing of the entire mtDNA genome in DNA prepared from a tissue with demonstrated complex I deficiency (15 patients from 14 families) or (2) cell-fusion studies demonstrating nuclear inheritance of the enzyme defect (2 patients from 2 families).
Undefined inheritance
The mode of inheritance in the remaining 34 patients (from 34 families) remains unclear (34% of probands). This is a large group of patients, and as such, presents a challenge for the subsequent genetic counselling of complex I deficiency in these families.
Clinical and biochemical features
Leigh or Leigh-like syndrome accounts for the majority of phenotypes associated with paediatric complex I deficiency, and the proportion of affected cases is similar whether associated with an mtDNA or with a nuclear gene mutation (Table 3) . Of the remaining phenotypes associated with complex I deficiency, there are a number of differences in proportions caused by mtDNA and nuclear DNA defects. For example, LIMD was about threefold more common in patients with nuclear gene defects than in those with mtDNA defects. No cases of MELAS were attributable to a nuclear gene mutation in our series, although occasional MELAS patients have previously been shown to have POLG mutations. 37 Patients with mutations in genes encoding complex I subunits or assembly factors usually have an isolated complex I defect. However, we along with others have found several such patients in whom complex III activity was borderline low or deficient. 38 Similarly, many patients with mtDNA depletion or mutations in mt-tRNA genes have combined defects affecting complexes I, III and IV, but a substantial number may have enzyme profiles indistinguishable from an isolated complex I defect. The difficulty in predicting the class of genes affected based on the profile of enzyme activities is demonstrated by Table 4 , which summarises the median enzyme activities for each group of patients in this study in which mutations were identified.
Ages at onset and survival
Patients with mtDNA mutations had a higher median age at onset (12 months) than did those with nuclear gene defects or undefined inheritance (both 3 months, Figure 1a) . However, ages at onset varied over a wide range, with 20-40% of the patients in each group having mtDNA mutations causing complex I deficiency H Swalwell et al onset in the first month of life. Kaplan-Meier survival analysis suggested a trend toward longer survival in the group of patients with mtDNA mutations compared with those with nuclear gene defects, although this did not reach significance (Figure 1b) . Survival of patients with undefined inheritance was not significantly different from either of the other two groups. Individuals in all three patient group had survivals varying from o1 month to 425 years, again emphasising the variable severity within each group.
DISCUSSION
The identification of the underlying molecular basis of complex I deficiency in paediatric patients is of great importance, not least because of the implications this has in the genetic counselling of these disorders. The identification or exclusion of mtDNA as the underlying cause is important as mtDNA is inherited solely through the maternal lineage. This cohort is, to our knowledge, the largest cohort in which the prevalence of mtDNA mutations in complex I deficiency has been assessed. The molecular defect was found to be of mitochondrial origin in 29% of probands investigated, including one mutation that has been previously erroneously reported by us to be a polymorphism (m.10197G4A) 34 and two mutations (m.13094T4C and m.5576T4C) that had each been reported in only one other previous patient. 26 Other recent studies have found a prevalence of mtDNA mutations in 20-27% of complex I deficiencies, with all mutations reported to be in MTND genes only. 20, 21, 29, 39 Although this seems to be where the majority of mutations leading to complex I deficiency are located, we found various mutations in MTT genes, confirming that these mutations are not confined to the subunit genes and that it may be more appropriate to screen the whole mitochondrial genome in cases of complex I deficiency. Indeed, the prevalence of 29% mtDNA mutations that we found is still likely an underestimation, as only 15 of the 51 patients without a pathogenic mutation identified had full mtDNA genome sequencing.
After a correct biochemical diagnosis of complex I deficiency, we believe the most appropriate and effective way to confirm/exclude the involvement of mtDNA as the underlying cause is to sequence the mtDNA genome to look for changes that may be associated with the biochemical defect observed. At present, sequencing remains the method of choice, as this enables the identification of both heteroplasmic and homoplasmic variants in a single assay. Other methods, for example, dHPLC, would potentially miss homoplasmic variants. Abbreviations: LIMD, lethal infantile mitochondrial disease; MELAS, mitochondrial encephalomyopathy, lactic acidosis, stroke-like episodes. a Three individuals in the nuclear gene group were identified by prenatal diagnosis and pregnancies were terminated. The sex of one individual was not known and clinical presentation for each of the three was assumed to be the same as for their affected sibling. b An enzyme defect was regarded as systemic if it was shown to be expressed in a cultured cell line and was deficient in all tissues assayed. It was regarded as tissue specific if at least one tissue or cell line had normal activity. Samples in which a cultured cell line was not assayed were classed as not determined.
Some associations have been suggested between the genotype and the phenotype of mitochondrial gene mutations, for example, MTND5 and MTND1 mutations are often associated with a MELAS phenotype, 33 and MTND5 is postulated as a 'hotspot' for diseasecausing mutations. 40 A number of common 'recurrent' mtDNA mutations have also been identified in multiple unrelated pedigrees by different diagnostic centres. However, preferential screening of mtDNA genes or of recurrent mutations based on phenotype, postulated 'hotspots' or common mutations will fail to diagnose many patients as genotype-phenotype correlations are variable and the majority of mtDNA mutations have still only been reported once. 17 This issue is even more of a problem in the case of complex I nuclear gene mutations as there are even fewer of these mutations that have been found in more than one family. Furthermore, not all of the nuclear genes involved in the correct functioning of complex I are known, and given that the number and size of these genes far exceeds those of their mitochondrial counterparts, this means that deciding which nuclear genes to investigate in complex I-deficient patients remains a great diagnostic challenge.
Owing to the clinical heterogeneity of complex I disorders, patients often do not present with the traditional hallmarks of mitochondrial disease. 41 This reinforces the observation that biochemical and metabolic analyses are usually the most appropriate methods to diagnose complex I deficiency in paediatric patients. Although essential, these studies are only indicative of the underlying genetic abnormality and cannot alone settle between an mtDNA or nuclear DNA origin. Clear evidence of maternal transmission can help in indicating that a mutation in mtDNA is likely, but a lack of maternal transmission cannot rule out mtDNA involvement, as many of these mutations appear to arise sporadically. 20, 22, 42 We observed some differences in the clinical phenotypes and age at onset of symptoms between mtDNA mutations and nuclear DNA mutations, and although in many cases these may be subtle, these differences may provide important clues for focusing genetic testing in mitochondrial disease.
Owing to the supercomplex formation of the respiratory chain, 43 patients with mutations in complex I subunit genes (either mtDNA or nuclear), can present with combined complex I and III deficiency. 38 In contrast, patients with mutations in genes expected to affect multiple complexes of the respiratory chain (eg, mt-tRNA, POLG, C10orf2, TAZ, etc.) can appear to have isolated complex I defects. Some degree of variability in correlating enzyme profiles with mutated genes should thus be expected. As mtDNA depletion disorders can give enzyme profiles suggesting an isolated complex defect, analysis of the mtDNA:nDNA ratio in a relevant tissue is well worth considering in patients with complex I deficiency. Similarly, findings such as 3-methylglutaconic aciduria and cardiomyopathy should prompt sequencing of the TAZ gene, even in patients with an apparently isolated complex I defect. Where possible, a biochemical diagnosis, clinical presentation and tissue involvement/histology should all be considered in guiding mutation analysis, rather than relying solely on an enzyme diagnosis.
The use of the correct tissue for assessing complex I activity is also essential. Many complex I deficiencies expressed in the muscle are not expressed in fibroblasts. 44 Of 87 complex I patients in this study for whom multiple tissues were studied, the enzyme defect was tissue specific in 36 (41%). In most of these patients, the defect was not expressed in fibroblasts, but in 13 patients, complex I was normal in the skeletal muscle but deficient in the liver or heart. If only fibroblasts had been used to assess the complex I function in this cohort, we would have failed to identify three patients with MTT mutations and all four patients with mutations in genes involved in mitochondrial biogenesis (POLG, C10orf2 and TAZ).
Analysis of nuclear DNA in our cohort revealed 22% of probands with an identified mutation, 18% in complex I subunit or assembly genes and 4% in genes involved in mitochondrial biogenesis. A further 16% are assumed to have a nuclear DNA mutation based on normal mitochondrial genome sequencing or cell-fusion assays.
As there is no clear genotype-phenotype correlation associated with mutations in either mtDNA or nuclear DNA leading to complex I deficiency, a correct biochemical diagnosis is fundamental. If 25-30% of complex I deficiencies are caused by mutations in mtDNA, and 20-25% by identified genes in nDNA, this still means that in nearly half of the cases, the genetic basis of complex I deficiency is undefined. 14 We suggested previously that of all genes that could potentially cause complex I deficiency, no one gene is responsible for any more than 10% of all cases. 34 As mtDNA mutations account for 425% of cases, coupled with the relative ease of sequencing the entire genome, mtDNA should typically be the first target for mutation analysis in most cases of paediatric complex I deficiency. Provided the DNA was prepared from a tissue with demonstrated complex I deficiency, then the lack of any detectable mtDNA mutation essentially excludes maternal inheritance, which is of great benefit in genetic counselling of the family. Sequencing the large range of nuclearencoded complex I subunits plus the known and putative assembly factors remains a substantial challenge using conventional sequencing technologies. This problem may soon be alleviated by the application of next-generation sequencing of large numbers of candidate genes, 45 although significant challenges remain before such methods can achieve high sensitivity in routine genetic diagnostic studies. 15 
